The addition of superelastic NiTi to electroless Ni-P coating has been found to toughen the otherwise brittle coatings in static loading conditions, though its effect on erosion behaviour has not yet been explored. In the present study, spherical WC-Co erodent particles were used in single particle impact testing of Ni-P-nano-NiTi composite coatings on API X100 steel substrates at two average velocities-35 m/s and 52 m/s. Erosion tests were performed at impact angles of 30˚, 45˚, 60˚, and 90˚. The effect of NiTi concentration in the coating was also examined. Through examination of the impact craters and material response at various impact conditions, it was found that the presence of superelastic NiTi in the brittle Ni-P matrix hindered the propagation of cracks and provided a barrier to crack growth. The following toughening mechanisms were identified: crack bridging and deflection, micro-cracking, and transformation toughening.
Introduction
Impacting of surfaces with hard particles, typically known as solid particle erosion, can result in material removal, or even fracture of the surface [1] [2] . This is a common issue in aerospace and oil and gas applications where components such as jet engine compressor blades or pipeline walls are subject to impacting contaminants taken in through air flow, or sand carried through oil and gas, respectively [1] [2] [3] . Plain carbon steels are commonly used in oil and gas applications, particularly as the pipeline material. These pipe materials are subject to wear from particulates or contaminants contained in the oil or gas being transported. There are many variables that can affect the severity and mechanism of the erosion, including the impact angle, the velocity of the erosive particle hitting the material, and the properties of the erosive particle [4] [5] . Particle shape has a significant influence over the erosion mechanism and the amount of material removed. In particular, for spherical shaped impact particles, like the ones used in this study, it has been found in the literature that ductile materials exhibit lower material removal rates in comparison to those found for brittle materials under impact of the same spherical particles [6] . It has been well documented that for ductile material removal rates increase until a maximum between 30˚ -45˚ and then subsequently decline. On the other hand, for brittle materials, the maximum material removal rate occurs at an angle normal to the surface [7] [8] [9] .
Ni-P coatings make an excellent candidate for protective pipeline coatings due to their superior wear and corrosion resistance [10] [11] [12] . However, by nature, monolithic Ni-P coatings have low toughness upon deposition. The addition of nano-particles to electroless Ni-P coatings has found to enhance several properties [10] [12] . Brittle materials tend to fracture, similar to the fracture seen with indentation. For protective coatings, which tend to be hard and wear resistance but brittle, crack initiation and propagation tend to be the dominant failure mechanism under erosive conditions [13] . The addition of superelastic NiTi serves to toughen the brittle Ni-P matrix that occurs upon deposition. Recent work has shown that the NiTi particles within the Ni-P matrix result in toughening of the composite coating under indentation and scratch conditions [14] . Due to the fact that NiTi undergoes a reversibly martensitic phase transformation, transformation toughening can occur. As a crack begins to propagate, the high energy at the crack tip will induce a martensitic transformation in the superelastic particles. This transformation is accompanied by a distortion in crystal lattice, which in turn causes a compressive strain around the particles. This compression can stop the crack from propagating and even close the crack. This phenomenon has also been seen in zirconia reinforced ceramics such as thermal barrier coatings [15] [16] [17] .
Ductile reinforcements in a brittle matrix have been found to toughen through several other mechanisms, including crack deflection and bridging, and micro-cracking [18] [19] [20] . All mechanisms have been found to increase the energy required for propagation of cracks, subsequently increasing the fracture toughness of the material being toughened. For example, crack deflection involves the interaction of a second phase particle with a propagating crack. When the crack comes into contact with a particle or fibre, the crack path must change course, reducing the energy at the crack wake [21] [22] . Crack bridging is also commonly seen in reinforced composites, where again the propagation energy is significantly increased upon interaction with a second phase. In order to continue, the crack must pass through the second phase, which essentially absorbs some of the crack energy in order to bridge the crack [23] [24] . Lastly, micro-cracking has been found to also increase fracture toughness by reducing major cracks to a series of micro-cracks [25] .
Single particle erosion is useful in determining erosion mechanisms. Several works in the literature have examined erosion mechanisms using single particle erosion [26] [27] [28] [29] ; however, the literature regarding the single impact of composite materials is limited. As composite materials become more popular in industry, classification of their behaviour under erosion behavior becomes necessary. Solid particle erosion (multiple impact) of composites has been studied recently in the literature, particularly of coatings for materials undergoing wear and erosive conditions, due to the increasing popularity of ductile-reinforced brittle materials [30] . The objective of this study is to determine the erosion mechanisms of electroless Ni-P-nano-NiTi composite coatings using single particle impact. The present work addresses the single particle impact of electroless Ni-P based composite coatings with superelastic NiTi additions. The effects of the impact angle, velocity, and particle shape on the erosion behavior of the coatings are investigated. Toughening mechanisms due to the addition of NiTi particles are discussed.
Methodology

Materials
API X100 pipe steel discs (16 mm diameter, 6 mm thick), consisting of a bainitic and ferritic microstructure, were used as a substrate for each coating. Commercially made superelastic spherical NiTi particles from US Research Nanomaterials Inc. were used as ductile phase reinforcements for this study. The particles have an average size of 60 nm. SEM image of the particles in Figure 1 (a) shows a wide size distribution and spherical particle morphology. WC-6 wt% Co particles having a nominal 1 mm diameter ( Figure 1(b) ) were fired at the samples due to their high hardness (75 HRC). The elastic modulus and Poisson's ratio for the erodent material have been found in the literature to be approximately 600 GPa and 0.26, respectively [31] . 
Coating Preparation
Each substrate was ground using 240, 320, 400, and 600 grit SiC abrasive paper and then polished using 9 μm, 3 μm, and 1 μm monocrystalline diamond polish. The substrates were then degreased in acetone and cleaned in an alkaline solution at 80˚C ± 5˚C. The contents of the alkaline cleaning solution used in substrate pre-treatment include 50 g/L sodium hydroxide, 30 g/L sodium carbonate, and 40 g/L sodium phosphate. Samples were then rinsed with deionized water and etched for 10 s using H 2 SO 4 . Samples were rinsed again with deionized water and hung horizontally in a commercial electroless Ni-P plating bath ( Figure 2 ), which contained sodium hypophosphite (NaPO 2 H 2 ) as the reducing agent and nickel sulfate (NiSO 4 ) as the source of Ni. Samples were hung horizontally in the electroless bath for 30 minutes in order to form a pre-coat layer of monolithic Ni-P. After the pre-coating, the samples were removed and put in an electroless Ni-P plating bath containing varying amounts of superelastic NiTi nano-powder. Magnetic stirring was employed at 300 RPM throughout the duration of the coating process. The temperature of each plating bath was maintained at 88˚C ± 2˚C, and the pH was maintained between 4.5 -5.2, adding NH 4 OH as necessary to raise the pH. 
Single Particle Erosion Testing
Coated samples containing 0.5, 1 and 2 g of NiTi were tested under several different conditions using a single particle erosion tester in order to gain an understanding of the effect of impact angle and particle velocity on the erosion mechanisms. Figure 3 (a) shows the typical cross-section of the coating. There is a uniform distribution of particles throughout the coating, and evidence of good adhesion to the substrate (no voids at coating/substrate interface). All composite coatings had relatively uniform thickness throughout the entirety of the coating.
Although the nano-particles have a wide size distribution, due to this uniform dispersion of particles, the properties of the coating are expected to be uniform throughout the entirety of the coating. Figure 3 (b) shows the surface morphology of the composite coating. The coating roughness of the composite coatings has been shown in previous work to increase in comparison to the monolithic Ni-P coatings [14] .
Prior to testing, each coated sample was ground using 600 grit SiC and polished using 9 μm and 3 μm Beuhler MetaDi diamond polish. Each sample was tested at angles of 30˚, 45˚, 60˚, and 90˚. The samples were also tested at low pressures (30 psi) and high pressures (60 psi). Energy Dispersive Spectroscopy (EDS) and micro-Vickers hardness were done on the cross-sections of each sample in order to confirm the amount of NiTi in the coating and the average hardness respectively. These properties, as well as the hardness of the steel substrate, can be seen in Table 1 .
A schematic of the apparatus used for the experiments can be found in Figure  4 . The system is driven by a compressed air supply, the pressure of which is adjusted to vary the velocity of the particle. Air is fed to the system by means of an actuation mechanism that is triggered by a button. This results in the opening of a solenoid valve, which allows air to flow through the system and drive the particle down a polycarbonate barrel. The angle at which the target sample was at was varied using the sample holder. Two photo-interrupters were placed at the end of the barrel, 3 cm apart. By measuring the time required for the particle to travel between the two photo-interrupters (PIs), the velocity can be calculated using Equation (1) . A velocity calibration curve was formulated by assessing the velocity at pressures varying between 20 -60 psi ( 
By assuming ideal conditions, the force of the particle can be estimated using Equations (2) and (3):
where W is the work done creating the impact crater, F is the force, d is the distance that the particle travels, E k is the kinetic energy of the particle based on the mass (m p ) and the velocity (v). Assuming that all kinetic energy is transformed into work that is done to create the impact crater, the impact force was found to range between 0.016 -0.036 N for velocity conditions 35 -52 m/s respectively. Impacted samples were examined using optical microscopy (OM) and scanning electron microscopy (SEM) in order to determine erosion mechanisms and to investigate for toughening mechanisms. Volume loss was examined using a Keyence laser confocal microscope.
Results
Material Removal and Cracking Behaviour
Volume loss was determined for each sample under all single particle impact conditions. Figure 6(a) shows the effect of impact angle on volume loss at operating velocity of 35 m/s for all coatings. Figure 6(b) shows the correlation between volume loss and impact angle for each coating tested at 52 m/s. In comparison, samples tested at 35 m/s had smaller impact craters relative to the samples tested at 52 m/s, which is similar to results found in the literature [7] [32]. The 5.14 wt% NiTi and 7.02 wt% NiTi coatings experienced the highest volume loss at 90˚, which is typical of brittle materials [33] . On the other hand, the 6.07 wt% NiTi coating exhibited the highest volume loss at 45˚, consistent with the behaviour of ductile materials [7] . Therefore, in terms of material removal, Figure 6 . Volume loss as a function of impact angle with average testing velocity of (a) 35 m/s and (b) 52 m/s. the 6.07 wt% coating can be classified as the toughest relative to the other coatings in the present work. Furthermore, even at a low impact velocity of 35 m/s, the 6.07 wt% NiTi coating exhibits a ductile behaviour ( Figure 6(a) ). Here, the maximum erosion volume loss takes place at an impact angle of 45˚ and drops as the impact angle is increased to 90˚. However, the ductile characteristics at low velocities are less pronounced than at high velocities.
Select SEM was done on low and high angle impact sites of the 6.07 wt% NiTi coating to examine the erosion mechanisms. The impact crater subjected to high impact angle is circular, while that impacted at low angle is elliptical in shape, as seen in Figure 7 . The size of the normal impact crater is larger than that of the low angle impact, as expected, due to the fact that more energy was transferred to forming the crater, whereas in the case of the low angle impact, some of that initial kinetic energy is dissipated due to frictional forces [1] [34] . Evidence of cracking was seen in the composite coatings, as evident in the optical images of the 6.07 wt% NiTi in Figure 7 . Cracks appear to be shallow and concentrated in the vicinity of the impact crater. Radial and ring cracks are present at both low and high angle impacts in the Ni-P matrix. It is believed that ring cracks are Hertzian-type. Evidence of closed cracks was also seen in the inside of the impact sites. An example of this can be seen in Figure 8 . Figure 9 shows the 3D surface and line profiles of the impact craters at high and low angle. Crater depths are higher at normal impact due to the fact that nearly all energy is transformed into work being done to form the crater, while at lower angles frictional forces reduce the work that can be done [34] [35] . It is evident that the impact craters formed by squeezing the material outside the crater. At low impact angles, pile-up forms behind the impacting particle as it contacts the coating surface. This can be seen in the line profile at the center of the crater and along the major axis of the elliptical crater (Figure 9 (a), Figure   9 (b)). The normal impact reveals that material build-up forms evenly around the edges of the crater, as seen in Figure 9 (c), Figure 9 (d).
Evidence of Toughening
As the purpose of adding NiTi to the matrix is to toughen it, SEM was done to identify and examine any toughening mechanisms in the coatings. EDS mapping ( Figure 10 ) confirmed a uniform distribution of particles in the matrix, which allows for the assumption that toughening effects are consistent across the sam-
ple.
Examples of all aforementioned mechanisms are given and discussed. Figure   11 (a) shows evidence of crack deflection in the impact crater due to the presence of a NiTi particle. Presence of NiTi particles was confirmed using EDS mapping, as seen in Figure 11 (b). Crack bridging was also seen in the composite coatings ( Figure 12) , where the crack must interact with the NiTi particle before propagating further, resulting in a change in propagation energy. Micro-cracking was observed in the composite coatings at both high and low angle impact. Evidence of this can be seen in Figure 13 . The presence of superelastic NiTi particles in the matrix may break up larger cracks into micro-cracks.
In order to initiate the reversible martensitic transformation, the contact stress as a result of particle impact must be greater than the transition stress. In the literature, this stress has been reported to be approximately 410 MPa at room temperature [36] . From the forces calculated in Section 2.3, it is necessary to calculate the mean contact pressure (p m ) to ensure that it is greater than the transition stress. By using Hertzian contact theory (described by Equations (4)-(6) below), p m , where a = contact radius, P = applied load, r = radius of WC-Co particles, and E * is the effective elastic modulus, this can be confirmed.
Assuming that E and v are the values for WC outlined above, and E' and v' for Ni-P are 198 GPa and 0.29 [37] respectively, it was found that pm ranges between 460 -600 MPa and thus is high enough to initiate the transformation from austenite to martensite. Evidence of transformation toughening was observed in the impact sites of the coatings (Figure 14) . While examining the coatings under SEM, it was noticed that in many cases, cracks would not be deflected or bridged by the particles; rather they would surround the particles without ever coming into contact with the second phase. The fact that the cracks are surrounding the superelastic NiTi particle (insert of Figure 14 ) provides a strong indication that a compression field around the particle prevents the cracks from propagating through this field. As the particle shown is within the impact site, it is likely that the compression force discussed previously worked in combination with transformation toughening to close the crack shown. 
Discussion
Erosion Mechanisms
Minimal change in volume loss was seen with a change in angle, suggesting that at lower velocities impact angle has minimal effect on material removal. At low velocities the eroding particle has lower energy hence, its ability to induce permanent deformation and fracture is limited. The ratio of elastic to plastic deformation is high, i.e., a significant portion of the impact energy is consumed in deforming the coatings elastically. This trend has also been seen for materials in solid particle erosion [7] . From this analysis, it is clear that the 6.07 wt% NiTi coating performed better under the velocity conditions used in this study. It is likely that the 5.14 wt% NiTi coating did not contain enough superelastic NiTi to drastically change the behaviour. On the other hand, the 7.02 wt% NiTi coating likely contained too high of a concentration of nano-particles, leaving the samples subject to agglomeration and higher stress concentrations on the surface.
This could result in more fracture, consistent with a brittle material. Therefore the 6.07 wt% NiTi contained the optimal concentration of NiTi particles for this study.
Both Hertzian and radial cracking was present in the composite coatings at both low and high angle impacts. It is interesting to note that at lower angles (i.e. 30˚), Hertzian cracking occurs at the initial point of contact but not on the other side of the crater where the impacting particle leaves the surface. This is similar to cohesive failure during silding contact, where Hertzian-type cracks are a result of tensile stress behind the indenter [9] . However, radial cracks do not appear on the side of the crater where the initial impact takes place, but are clearly seen on the opposite side. This finding suggests that cracking pattern is incident angle dependent in erosive processes. Here, the behaviour could be attributed to the changes in the stress distribition during low angle impact. In the case of higher impact angles (i.e. 90˚), Hertzian and radial cracking is present around the perimeter of the impact crater similar to static indentation loading. There is also a closed crack network inside the crater as a result of erodent particle induced compaction. Upon initial impact, cracks begin to initiate and propagate at stress concentrations throughout the matrix. As the particle pushes through the surface, two things may occur. The first, being that due to the compression forces, the cracks that form on initial impact eventually close shut as the particle travels through the material. Secondly, these cracks are forced to close due to the stress associated with volume expansion of the superelastic particles during transformation from austenite to martensite (discussed in more detail below). Hertzian-type cracks form on the surface just outside the contact area where the radial stress reaches its maximum tensile value [38] [39] . Radial cracks also develop on the surface but are caused by the maximum tensile hoop stress [40] . Hoop stress becomes positive (tension) on the surface during elastic-plastic contact which applies to the present study [41] . Both radial and ring cracks initiated when the applied load exceeded a critical value. In a recent study, Yonezu et al. [35] investigated fracture mechanisms of electroplated Ni-P on steel under static indentation conditions. They suggested that ring crack formation alters the subsequent stress distribution during indentation; as a result tensile hoop stress develops upon unloading. They also proposed that radial cracks initiate near the ring crack tip at the coating/substrate interface.
It is clear from the results that pile-up form outside the impact crater. The pile-up creates tensile stresses that further promote Hertzian-type cracks development in the coating as previously seen in the optical images. Similar to low angle impact, material build-up induces tensile stresses around the crater and assists in initiating Hertzian type cracks. As described earlier, the cracks on coatings subjected to both low and high impact angles appear to be shallow and occur at the top surface layers where tensile stresses are highest.
Toughening Mechanisms
The results show several examples of toughening in the composite coatings, due to the addition of the superelastic NiTi nano-particles. As the cracks initiate through the Ni-P matrix, the propagation energy is significantly reduced by deflection, bridging, micro-cracking and transformation toughening as the crack approaches the ductile NiTi particle. Without superelastic additions, the matrix would be subject to further crack propagation and failure.
Upon impact, the NiTi particles can act as obstacles to crack propagation, which can force a crack to change direction (crack deflection). In doing so, the crack uses energy to change direction, and the driving force at the crack wake is reduced. When a propagating crack approaches a particle, the propagation energy can be absorbed by the ductile particle, reducing its energy as it continues (crack bridging). This, like crack deflection, reduces the severity of the crack. Both toughening mechanisms have been seen in the literature when micro and nano-sized particle were added to a ceramic matrix, with the additions clearly dictating the cracking path [42] [43] .
Another form of toughening mechanisms seen was micro-cracking. While the formation of major cracks in materials is typically undesirable, it has been found that the formation of micro-cracks near the initial crack site can be beneficial in increasing fracture toughness in brittle materials [44] [45] . In composites, micro-cracking has been found to be beneficial in reducing energy that would otherwise propagate major cracks. In the process of crack deflection and bridging, larger cracks may break up into finer cracks.
Crack closing as a result of transformation toughening is believed to be due to a compression field that is generated around the particles whilst undergoing a volumetric change due to the stress induced martensitic transformation from austenite to martensite. When a crack attempts to propagate through or near a particle, the tensile stress is high enough around the crack such that the transition stress is reached, and the superelastic particles undergo a change from austenite to martensite. This compression force can cause the cracks near the particles to close. This is important in order to avoid propagation of major cracks, and it has been seen in ZrO 2 alloys that are capable of undergoing the same martensitic transformation [17] [46] [47] . Similar results have been seen under static indentation with superelastic NiTi [14] .
Summary
Erosion and toughening mechanisms of the Ni-P-nano-NiTi composite coatings are summarized in the following schematics. Under low-angle impact, the composite coated surface shows evidence of Hertzian fracture upon initial impact (Figure 15(a) ), followed by the propagation of radials in the direction of impact. It was found that upon normal impact (Figure 15(b) ), where the highest energy is transferred to producing the impact crater, an intricate network of Hertzian and radial cracks are seen in the composite coatings. These mechanisms for both angles are also coupled with toughening mechanisms due to the addition of superelastic NiTi, including crack deflection/ bridging, micro-cracking and transformation toughening. The following sequence of events has been derived from the present study for the composite coatings: 1) WC-Co particle hits the coated surface, inducing stress on the surface. 2) Material is squeezed to the side of the impact in order to form an impact crater.
3) Hertzian cracks initiate and propagate in the Ni-P matrix, which has low fracture toughness.
4) The change in stress distribution due to Hertzian cracking initiates radial cracking and propagating in the Ni-P matrix. 5) As the particle travel through the material, high compression forces can cause cracks inside the stress field to close. 6) Cracks continue to propagate until they come into contact with superelastic NiTi particles which either bridge, deflect, or close the cracks completely inside and outside of the contact stress field. 
Conclusion
The objective of the present work was to produce a coating that exhibited high toughness under erosion conditions by adding superelastic NiTi nano-particles to electroless Ni-P coating matrix. Composite coating containing 6.07 wt% NiTi showed a significant reduction in cracking throughout the Ni-P matrix. Due to the fact that the superelastic particles incorporated into the matrix undergo a reversible martensitic transformation, transformation toughening took place. Other toughening mechanisms such as crack bridging, micro-cracking, and crack deflection were also seen. The ability of this composite coating to minimize the presence of major cracks and increase fracture toughness gives the coating potential to be used in a multitude of tribological applications, where the otherwise brittle monolithic Ni-P matrix would fail.
